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SUMMARY 
Many potent1al strateg1es ex1st for the transfer of spacecraft from low 
earth orb1t (LEO) to geosynchronous (GEO) orb1t. However, only one has gener-
ally been ut1l1zed, that be1ng a s1ngle 1mpuls1ve burn at per1gee and a GEO 
1nsert10n burn at apogee. Mult1ple burn strateg1es have been d1scussed for 
orb1t transfer veh1cles (OTVs) but the transfer t1mes and rad1at10n exposure, 
part1cularly for potent1a11y manned m1ss10ns, have been used as arguments 
aga1nst those opt10ns. Th1s paper presents quant1tat1ve results concern1ng the 
tr1p t1me and rad1at10n encountered by mult1p1e burn orb1t transfer m1ss1ons 
1n order to estab11sh the feas1bi1ity of manned m1ssions, the vu1nerab11ity of 
electron1cs, and the sh1eld1ng requ1rements. The performance of these mult1ple 
burn m1ss10ns 1s quant1f1ed in terms of the payload and propellant var1ances 
from the min,mum energy mission transfer. The m1ss10ns analyzed var1ed from 
one to e1ght per1gee burns and ranged from a h1gh thrust, 1 g acce1erat10n, 
cryogen1c hydrogen-oxygen chem1cal propulsion system to a cont1nuous burn, 
0.001 g acce1erat1on, hydrogen fueled res1stojet propuls1on system w1th a 
tr1p t1me of 60 days. 
INTRODUCTION 
The goal of m1ss10n analys1s 1s to max1m1ze payload capab1l1ty by m1n1-
m1zing the fuel required. For orbit transfer vehicles th1s involves opt1miz1ng 
burn t1mes as well as thrust direct10n. Theoretically, opt1m1z1ng burn t1me 
1nc1udes the freedom to use mu1t1ple per1gee burn trajectories in order to 
reduce the burn arc and approach the 1deal 1mpuls1ve burn, but the increased 
tr1p t1me and rad1at1on exposure for potential manned m1ss1ons have been used 
as arguments against the1r cons1derat10n. A well-publ1c1zed exception to the 
s1ng1e burn scenar10 was the unmanned TDRSS commun1cat10n satel11te (ref. 1). 
In that 1nstance, a failure occurred 1n the pr1me propu1s10n system and the 
spacecraft was put 1nto an e1l1pt1cal orb1t having a per1gee of 14 000 m11es 
and an apogee of 22 500 m1les. The spacecraft was then forced to rely on the 
low thrust aux111ary propu1s10n system to reach 1ts f1nal orb1tal dest1nat10n. 
A mu1t1p1e burn orb1t transfer strategy was used (39 apogee burns)(ref. 2). 
lhe present space m1ss1on models (refs. 3 to &) 1ncorporate m1ss1ons that 
could benef1t from or requ1re a l1m1t on thrust or acce1erat10n. Large 11ght-
we1ght structures w1l1 be erected or deployed 1n low orbit and subsequently 
transferred to a higher or geosynchronous orb1t. These structures are inher-
ently acce1erat10n 11mited and slgn1f1cant payload advantages could be achieved 
through the use of a multiple burn orbit transfer strategy. 
Generally, the m1nimum fuel case for a circ1e-to-circle orbit transfer 
uses the "Hohmann transfer" 1nvo1v1ng two impulsive (instantaneous ve1oc1ty 
change) burns, one at perigee and one at apogee. The 1mpulses are applied 
parallel to the local horizontal with a component in the direction of any 
potential plane change. The ideal Hohmann transfer has 1nf1n1te acce1erat1on 
w1th zero burn t1me. In actua11ty, as the accelerat10n 1s reduced, the burn 
arcs become longer. S1nce thrust 1s app11ed away from the opt1mum po1nts 
(perlgee and apogee) the burns become less eff1clent. The total veloc1ty 
1ncrement required for the orbit transfer 
tb 
flV = f A(t)dt, 
o 
where A 1s the accelerat10n and tb 1s the burn t1me, 1ncreases above the 
impulsive case. The difference flV - flV 1mpu1s1ve 1s referred to as 
gravity loss, a measure of effic1ency. 
For the cases involvlng accelerat10ns (thrust/mass ratlo) less than 
0.25 g, the standard two burn transfer beglns to lncur long burn arcs result-
lng in large gravity losses. But it is posslble to reduce these losses and 
approach the lmpulslve case provided the penalties of longer trip time and 
increased radiatlon exposure can be tolerated. For any glven thrust level, the 
total englne burn tlme is relatlve1y flxed, therefore, by subdivlding the burn 
time into several intermedlate burns, each having a proportionately smaller arc 
length, the total gravity loss ls reduced by approxlmately 1/N2, where N 
1s the number of burns. Perlgee burns contr1bute the greater port10n of the 
gravlty loss, therefore, subdividing the per1gee burn produces the larger sav-
1ngs. It has been shown by Reddlng and Breakwe11 (ref. 7) that the optlmal 
transfer incorporates more perlgee burns than apogee burns. Each burn produces 
an 1ntermedlate orbit which increases tr1p time by approxlmate1y the period of 
that orbit. A computer program (ref. 8) was developed at Stanford Univers1ty 
under NASA LeRC sponsorshlp to determlne burn tlme, thrust direction history, 
total tlme and losses for the clrcle-to-c1rcle transfer glven the 1nltia1 
acceleration, Isp, number of burns, 1n1t1al and flnal orblt states. That 
program was used to def1ne the trajector1es 1n th1s study effort. 
Rad1at1on exposure t1mes for multiple per1gee burn low thrust orblt 
transfer mlssions are inherently hlgher than those using s1ngle burn strate-
gles. However, no correlatlons have been made between the rad1atlon models and 
those trajectorles to define the types of radiation and the dose rates which 
w1l1 be encountered. The objectlve of th1s study 1s to establlsh whether 
manned m1ss10ns to GEO uslng multlple burn strategles are feasible and the 
shield thicknesses requ1red. Vulnerability of electron1cs to radiation was 
also evaluated. In the case of manned m1ss1ons, tr1p tlme whlch affects total 
dosage is the maln 1ssue. Electron1cs has the added concern of random particle 
interactions, but that was not addressed 1n th1s study. 
Natural space radlatlon cons1sts of galactlc cosm1c rad1atlon, solar 
proton rad,atlon and geomagnetlcally trapped (Van Allen) radlation. A discus-
s10n of these sources 1s prov1ded 1n references 9 and 10. S1nce spacecraft 
lnvo1ved wlth travers1ng the LEO-GEO corrldor are affected by the rad1atlon 
env1ronment, 1t 1s ln the best 1nterest of the m1ss1on planners to utll1ze 
trajector1es whlch m1nlm1ze the rad1at10n exposure to crewmen and on-board 
equ1pment. Th1s paper 1s 1ntended to quant1fy the radlatlon doses to be 
encountered by spacecraft uslng several orblt transfer strategles, but does 
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not opt1m1ze the trajectory. Opt1m1zat10n to reduce rad1at10n effects 1s 
heav11y m1ss10n spec1f1c and must be performed on a case-by-case bas1s. 
APPROACH 
Th1s study was conducted pr1mar11y to determ1ne the rad1at10n level wh1ch 
m1ght be encountered by an orb1t transfer veh1cle perform1ng a m1ss10n between 
low earth orb1t and geosynchronous orb1t. It was necessary to 1dent1fy the 
d1fferences between the convent10nal s1ngle per1gee burn trajectory and 
mult1p1e per1gee burn trajector1es s1nce those d1fferences can s1gn1f1cant1y 
1mpact the des1gn of future OTVs. They affect the low acce1erat10n capab1lity 
of the veh1c1e, the eng1ne thrust level, and safety 1n the case of manned m1s-
s10ns. If mult1p1e burns are accepted as a v1ab1e opt10n, that strategy can 
be utlllzed as a fall operatlonal/fall safe backup ~osltlon for the current 
mode of operat10n. 
E1ght spec1fic cases were run, out11ned in table I, to establish mission 
radiation effects. Cases 1 to 3 were the base cases using the s1ng1e perigee 
trajectory to determ1ne the sens1t1v1t1es to payload mass and acceleration. 
Cases 4 to 6 were used to define the effect of mult1p1e perigee burns, wh11e 
case 8 was considered as the upper 1im1t, it being a cont1nuous low thrust 60 
day burn mak1ng approx1mately 405 orbits of the Earth dur1ng the trans1t. 
Case 7 was an attempt to evaluate the sensitivity of transit through the inner 
Van Allen Belt by perform1ng an intermed1ate apogee c1rcu1ar1zation burn at an 
altitude between the two major Van Allen Belts, see figure 1, at approx1mate1y 
10K km, and then perform1ng another per1gee burn to complete the veh1cle trans-
fer to 6EO. Cases' to 7 used a high performance cryogenic hydrogen-oxygen 
chem1cal propu1s10n system having a spec1f1c impulse (Isp) of 485 sec, wh1le 
case 8 used a hydrogen fueled reslstojet w1th an Isp of 830 sec. These cases 
bound the expected range of candidate mission strategies and the results can 
be uti11zed to estab11sh feasibility of this concept. 
No attempt was made in th1s study to optim1ze the trajectories in order 
to reduce the rad1at10n effects. S1nce the proton and electron flux around the 
Earth var1es w1th 10ng1tude and lat1tude as well as altitude, m1n1miz1ng radi-
at10n effects requ1res a tradeoff between propellant usage, tr1p time and 
engine burn t1me. If the rad1at10n l1m1tat10ns for a specif1c m1ssion are 
extremely cr1tica1, optimum trajector1es for these radiation constra1ned mis-
s10ns can be obta1ned through controls on the location and length of the engine 
burns. 
In add1t10n to the ana1ys1s of the e1ght specific m1ss10ns, a parametric 
analys1s was performed us1ng the Stanford computer program. Trajectories were 
def1ned for 1, 2, 4, and 8 perl gee burn LEO-GEO orblt transfer mlsslons over 
the acce1erat10n range 0.02 to 1.0 g. That program has the capability of 
operat1ng the propuls10n system 1n e1ther of two modes - fixed thrust or fixed 
acce1erat10n. Fixed thrust 1s the convent10nal operat1ng mode for current 
systems. Max1mum accelerat10n 1s reached at the end of the f1na1 burn, when 
mass 1s least. Therefore, 1f an acce1erat1on 11mit 1s 1mposed, the f1xed 
thrust mode would be less eff1c1ent than the f1xed accelerat10n mode. Only 
the data for cases of f1xed acce1erat1on are presented here. Thrust mode had 
only a secondary effect on tr1p t1me and rad1at10n exposure. 
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Opt1mal fuel eff1c1ent trajector1es were def1ned 1n order to estab11sh the 
m1ss10n 6V requ1rements. These requ1rements were then used to determlne 
englne burn tlme, trlp time, propellant requlrements, and the resultant pay-
load capabillty. Results are expressed in terms of increased propellant and 
decreased payload due to gravity losses as a function of the acceleration and 
number of per1gee burns. 
A temporal and spatial history was obtained for each of the eight cases 
analyzed. These data were then correlated using the latest proton and electron 
radiat10n environment models (refs. 11 and 12) by a computer technlque devel-
oped and operated by the Johnson Space Center (JSC), to determine dose rates 
as a funct10n of radiation type as well as total dose. Reference 13 contalns 
a descrlption of the Orbital Radlation Program (ORP) used by JSC. For thls 
study, 1t was assumed that solar flares dld not occur during an orbit transfer. 
Proton, electron, and "Bremsstrahlung" dose rad1at10n were calculated as a 
function of sh1e1ding thickness for each mlssion. Shield thickness was treated 
as a parameter and var1ed from an areal dens1ty of zero to 10 g/cm2, the 
equ1va1ent of a 3.7 cm thick sheet of a1umlnum. 
In an actual miss1on, a significant amount of t1me would be spent 1n geo-
synchronous orb1t. Therefore, the JSC program was also used to calculate the 
expected dally rad1at10n dose at the GEO locat10n as a funct10n of sh1eld 
th1ckness. Total m1ss1on dose 1s the sum of the transfer and on-stat10n rad1-
at10n. The resultant rad1at1on exposures can be used to estab11sh requ1rements 
for the protect1on of astronauts and electronics. 
RESULTS AND DISCUSSION 
LEO-GEO Orb1t Transfer Trajector1es 
Flgure 2 presents two strategles for LEO to GEO orblt transfer trajecto-
r1es. F1gure 2(a) descr1bes the classical h1gh thrust Hohmann transfer wh11e 
f1gure 2(b) dep1cts a low thrust, mult1ple per1gee burn planar LEO to GEO orb1t 
transfer trajectory. In the latter case there are four burns, one after each 
revolut10n of the spacecraft around the Earth. Each per1gee burn (6Vg1) 
ra1ses the apogee alt1tude unt11 geosynchronous alt1tude is reached after the 
fourth burn. Thrust 1s then app11ed at apogee (6Va) to c1rcular1ze the 
orb1t. Grav1ty losses (g-loss) above the opt1mum 1mpuls1ve (Hohmann) transfer 
are 1ntroduced by the non1nf1nitess1mal burn arc. However, through the use of 
mult1ple per1gee burns the length of the burn arc 1s reduced, ther€by keeplng 
g-losses to a m1n1mum. For a glven thrust level the total burn t1me 1s 
essentlally constant, therefore, the length of the burn arc 1s 1nversely pro-
port1onal to the number of burns. In an opt1m1zed trajectory the length of 
each burn would vary. 
Effect of Acceleration Level on Burn T1me and Tr1p T1me 
F1gure 3 shows the variat10n of tr1p t1me and burn t1me as a funct10n of 
accelerat10n for one, two, four, and e1ght perigee burn trajector1es. Tr1p 
time varied from approx1mately 5 hr for the single burn case to 2B hr for an 
e1ght per1gee miss10n while burn time reached as much as 4 hr for the very low 
(0.03 g) accelerat10n m1ssions. Mlss10n tr1p t1me 1s seen to be almost 
1ndependent of the accelerat10n level for a g1ven orb1t transfer strategy 
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(fixed number of burns). The variance between cases one, two, and three is 
within ±2 percent, therefore, the payload for cases four through eight was 
fixed to simplify the analysis. Since acceleration is simply the ratio of 
engine thrust level to initial system mass (payload ~ vehicle ~ propellant), 
it can be concluded that for a given trajectory strategy, thrust level has only 
a second order effect on trip time. However, for a given vehicle and payload, 
burn time is an inverse function of acceleration, or thrust level. And that 
function is independent of the trajectory strategy. The significance of this 
fact is that a given engine can be operated over a range of trajectories with-
out significantly affecting its operating life, although the effect produced 
by the start-stop cycles must be considered. 
Multiple Per1,ee Burn LEO-GEO Performance Benefits 
Figure 4 displays the potential mission performance benefits associated 
with multiple perigee burns. The curves emphasize the effect of increasing 
the number of perigee burns on gravity losses. For example, in the case of a 
mission involving a fixed acceleration of 1/16 g; the single perigee case is 
prohibitive in payload and propellant costs; the two burn case uses 2.1 percent 
more propellant resulting in 5.3 percent less payload; while the eight burn 
case uses only 0.2 percent more propellant and 0.4 percent less payload than 
the ideal Hohmann transfer. The ratio of payload decrease to propellant 
increases will vary as an inverse function of the engine Isp, since Isp is the 
primary factor in the establishment of vehicle propellant requirements, e.g., 
an Isp = 450 sec produces a ratio of approximately 3:1, compared to the 2:1 
ratio shown for the Isp = 485 sec. 
This analysis does not include any propellant losses due to bo110ff, pre-
fire engine conditioning, or shutdown residuals. These losses are very 
dependent on engine and vehicle design and operation. As a point of reference, 
a study of Large Space Structures (ref. 14) calculated these losses to be 
approximately 5 percent for a nine burn mission. 
Radiation Dose Comparison 
Radiation dose for the eight missions defined in table I was calculated 
using the orbit transfer trajectories and the latest AP-B proton (ref. 11) and 
AEI-7 electron (ref. 12) models. Dosage was calculated for a range of shield-
ing thicknesses from 0 to 10 g/cm2. This unit, when divided by material 
density, defines the thickness requirement for that material, e.g., 1.0 
g/cm2 = 0.37 cm of aluminum equivalent. The dosages were calculated in terms 
of the proton, electron and Bremsstrahlung contribution. Table II presents the 
summation of these contributions for the eight cases as well as the daily 
radiation dose at GEO. As points of reference for the shield thickness column 
of table II; the Apollo astronaut space suit corresponded to roughly 0.15 
g/cm2, the Shuttle is approximately 1.5 g/cm2, while the Apollo spacecraft 
had the equivalence of a 9.0 g/cm2 thick shield. As expected the radiation 
dose decreases dramatically with increased shielding and increases almost 
exponentially with trip time. 
NASA presently uses the radiation exposure guidelines in table III 
established by the National Academy of Sciences (ref. 15) for men in space. 
Tables II and III can be related using the conversion that radiation dose in 
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rem (Roentgen. equivalent man) = radiation in rads multiplied by the RBE 
(Relative Biological Effectiveness). The values of RBE for various types of 
radiation is presented in reference 16. An average value for RBE of 1.2 has 
been used in this study based on other system studies encountering similar 
types of radiation. For that value of RBE it can then be seen that with a 
moderate spacecraft shield thickness, 1.5 to 2.0 g/cm2, a manned sortie mis-
sion using up to four perigee burns could be safely completed. Special provi-
sions for astronaut safety are necessary if a very low acceleration mission 
using a higher number of burns were required. 
An interesting phenomena is displayed in the last column of table II, GEO 
dose/day. For a given shield thickness the daily dose at GEO is roughly 
equivalent to the radiation experienced by a one perigee burn mission making a 
single pass through the Van Allen Belts. And a week at GEO is equivalent to 
the radiation dose for a two perigee burn orbit transfer mission with a moder-
ate amount of shielding. The resultant conclusion is that for "man in GEO" the 
radiation constraint will most likely be "stay time on orbit" rather than the 
orblt transfer. 
Case 7, which used a two perigee burn strategy with only a single passage 
through the inner Van Allen Belt, did not provlde any radiation benefits. 
Although analysis of the trajectory did lndicate the potential for optimizatlon 
to minimize radiatlon effects, the gains may not be sUbstantial and would cause 
complexities in an actual mission. 
Case 8, the very low thrust, low acceleratlon, resistojet propulsion mis-
sion had a trip tlme of 60 days. As a primary propulsion system for manned 
missions the radiatlon dosage was unacceptable at any level of shielding. 
However, for unmanned missions requiring thls type propulsion, e.g., large 
systems wlth acceleratlon constraints or high mass systems with vehicle/pro-
pellant quantity constraints, the radiation encountered using only a shield 
thickness of 1.0 g/cm2 is well within the tolerance of 105 rad for state-
of-the-art space qualifled electronics. 
Figure 5 details some of the data for case flve and ls presented as rep-
resentative of the constituents of the total radiatlon dose. The predominant 
radiation contribution is from the heavier protons. With no shielding the only 
other component is the electrons, but as shielding is added, a portion of the 
electrons are stopped and form secondary particles, Bremsstrahlung radiation. 
However, at approximately 2 g/cm2 the electrons are completely stopped and 
make no further contribution. The Bremsstrahlung contribution goes through a 
maximum and then decreases as shield thickness increases. Total radlation data 
shown in table Ills simply the summation of these components. 
CONCLUSIONS 
A trajectory model which produced a time-location history for LEO to GEO 
orbit transfer misslons ln combination with a radiation environment model was 
used to predict the radiation exposure encountered by the spacecraft. The 
results indicate that with a moderate amount of shielding, approximately 1.5 
to 2.0 g/cm2, comparable to that of the Shuttle, astronauts can safely per-
form LEO-GEO orbit transfer missions using a multiple perigee burn strategy. 
Radiation dose/day at GEO was found to be comparable to the total dose for the 
single perigee burn mission. While a week on orbit at GEO was equivalent to 
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the two perigee burn case. The radiation constralnts for manned GEQ m1ss1ons 
will, therefore, be significantly affected by the stay time in orbit rather 
than merely the trajectory strategy. There does not appear to be any con-
straints imposed on unmanned missions due to the radiation sensitivity of the 
electronics, even for the case of very low acceleration missions. These fac-
tors open up an added dimens10n for the mission planners in terms of enhance-
ments to mission flexibility and system reliability. 
Performance benefits of multi-burn orbit transfer miss10ns were deter-
mined. Multiple burn missions can be used with small (1 percent) payload 
penalties 1n comparison with more conventional, high thrust impulsive orbit 
transfers. And for missions requiring accelerations less than 0.2 g, it has a 
clear advantage in payload capability. In fact, for some acceleration limited 
missions such as very large structures, multiple burns may be an enabling 
concept. Total trip time is only increased from approximately 5 hr for a 
single burn m1ss10n to 28 hr for the mission using as many as eight perigee 
burns. Therefore, trip time will probably not be a discriminating factor in 
the selection of mission strategy. 
An additional benefit or degree of freedom for missions incorporating 
multi-burn capability is the probability of mission success with an engine out. 
Should an engine fail, the mission could be completed with the original launch 
propellant load. An on-board control system would be required to track the 
propellant usage to each engine and to optimize the trajectory. But the pay-
load/mission could be performed at min1ma1 penalty. 
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TABLE I. TRAJECTORY CASES 
Case Strategy Payload mass, Acce1erat1.on, Tr1.p t1.me, 
number 1b g hr 
1 1 per1.gee 32 400 1 5.3 
1 apogee 
2 1 per1.gee 7 340 1/4 5.5 
1 apogee 
3 1 per1.gee 32 400 1/2 5.4 
1 apogee 
4 2 per1.gee 7 340 1/4 8.2 
1 apogee 
5 4 per1.gee 7 340 1/4 14.7 
1 apogee 
6 8 per1.gee 7 340 1/8 28.7 
1 apogee 
7 2 per1.gee 7 340 1/4 12.8 
2 apogee 
8 Cont1.nuous 7 340 <0.001 1400 
TABLE II. RADIATION DOSEa COMPARISON 
Sh1.e1dc Trajectory case 
th1.ckness, 
g/cm2 1 2 3 4 5 6 7 
0.0 1.44 E07 1.84 E07 1.57 E07 1.64 E07 7.13 E07 1. 32 E08 1.34 E08 
0.1 1.28 E03 1.48 E03 1.36 E03 5.22 E03 6.29 E03 1. 35 E05 1.01 E04 
0.5 7.70 E01 9.61 E01 8.31 E01 2.28 E02 3.50 E02 8.49 E02 4.88 E02 
1.0 8.13 EOO 1.05 E01 8.80 EOO 2.42 EOI 5.74 E01 1.33 E02 7.11 EOI 
2.0 4.04 E-01 3.96 E-01 3.87 E-01 3.42 EOO 1.31 E01 2.42 E01 1.10 E01 
5.0 1.31 E-01 9.49 E-02 1.11 E-Ol 7.89 E-01 6.18 EOO 1. 01 EOI 4.37 EOO 
10.0 7.28 E-02 5.19 E-02 6.15 E-02 2.90 E-Ol 3.79 EOO 5.79 EOO 2.58 EOO 
aDose 1.n rads (proton + electron + Bremmstrah1ung). 
bOose 1.n rads/day. 
c1.0 gm/cm2 = 0 37 em alum\num equ\valent. 
TABLE III. NASA RADIATION EXPOSURE GUIDELINES (REM) 
[Limits estab11shed by National Academy of SC1ences 
1970 for Man in Space.] 
T1.me Blood form1.ng organs Sk1.n 
Penetrat1.on depth 5 cm 0.1 mm 
1 year avo da1.1y 0.2 0.5 
30 day maX1.mum 25.0 75 
90 day maX1.mum 35.0 105 
Yearly maX1.mum 75.0 225 
Career l1.m1.t 400 1200 
Eye 
3mm 
0.3 
37 
52 
112 
600 
GEO/b 
day 
8 
7.99 E09 6.04 E04 
2.00 E06 4.85 E03 
1.19 E05 1.35 E02 
2.11 E04 5.95 EOO 
6.27 E03 3.15 E-01 
2.91 E03 1.45 E-01 
1.75 E03 7.93 E-02 
Testes 
3mm 
0.1 
13 
18 
38 
200 
Figure 1. - Schematic of Van Allen radiatIOn belts. 
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Figure 2 - Optimal low-thrust orbit transfers 
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Figure 3 - Effect of acceleration on burn time and tnp time for 
LEO TO GEO trajectories 
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Figure 4. - Multiple pengee burn LEO-GEO performance vanance 
from minimum energy transfer mission 
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Figure 5 - Radiation dose constituents for a 4 perigee 
burn LEO-GEO orbit transfer mission 
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